We report the occurrence of a group I intron, 452 nucleotides in length, in the nuclear small-subunit ribosomal gene of the benthic seaweed Urosporu penicilliformis, a member of the green algal class Ulvophyceae. Group I introns have been reported in fungi, myxomycetes, the ciliate genus Tetruhymena, and recently in five unicellular chlorophycean algae. The sequence of the conserved core of the U. penicilliformis group I intron was aligned with that of 15 other introns of this type, and the evolutionary relationships among these introns were examined. Comparison of the "intron" tree with phylogenetic hypotheses of the intron-harboring organisms shows that nuclear group I introns in green algae have arisen several times and are not lineage specific.
Introduction
Many eukaryotic genes are interspersed with intervening sequences of noncoding DNA (introns).
After transcription, the introns are excised from the precursor RNAs to produce the mature rRNAs, mRNAs, or tRNAs. Group I introns constitute one of the two intron classes in which folding of the primary transcripts into conserved secondary structures is essential for splicing (Davies et al. 1982; Cech 1988 Cech , 1990 Belfort 1990) . Splicing proceeds through two trans-esterification reactions: first, the 5 ' exon / intron boundary is cleaved because of an attack by a guanosine cofactor; second, the 5' exon attacks and cleaves the 3' intron/exon boundary, after which the two exons are ligated. Some group I introns are capable of self-splicing in vitro, whereas others, for successful splicing, need proteins encoded by independent genes or by the introns themselves (Burke 1988; Wenzlau et al. 1989) .
Introns that exhibit a catalizing ability are viewed by some as relicts from the primitive RNA world (Belfort 199 1). The occurrence of the nonmobile cyanobacterial tRNA Le" group I introns in chloroplasts of algae and higher plants (Kuhsel et al. 1990; Xu et al. 1990 ), for example, suggests that these introns were acquired by eukaryotes along with the endosymbiotic incorporation of eubacteria in antiquity. However, the ability of introns to behave as mobile elements, a characteristic of some but not all group I introns, has been acquiredand, in some cases, subsequently lost-in more recent times [i.e., by horizontal transfer (xenology ) in addition to vertical inheritance].
Mobility of an intron is achieved by the presence of an open reading frame (ORF) coding for an endonuclease that recognizes and cleaves intronless genes to insert a copy of the intron (i.e., intron homing) (Dujon 1989) or by reverse splicing in which an intron integrates back into ligated exon substrates (Woodson and Cech 1989) . The 13 18 Van Oppen et al. observation that similar group I introns are distributed across different genomes and phylogenetically distant taxa is taken as evidence that intron transfer is relatively common and need not be due to restricted endosymbiotic events in deep evolutionary time ( Burke 1988 ) .
Group I introns have been observed in the organellar genomes of fungi, green algae, and higher plantsbut also in cyanobacteria and bacteriophages. Far less frequently do these introns reside in the nuclear genome, and there they have been found only in ribosomal genes. Group I introns have been detected in the nuclear largesubunit (LSU) of the ciliate genus Tetrahymena (Wild and Gall 1979; Kan and Gall 1982) ) the fungal-like Pneumocystis carinii ( Liu et al. 1992 (Johansen et al. 1992 ) , and Dunaliella salina, Dunaliella parva, and Characium saccatum (Wilcox et al. 1992 ) .
In a recent biogeographic study involving the benthic seaweed Urospora penicillzjormis Roth (Fries) (Chlorophyta, Ulvophyceae, Acrosiphoniales), we sequenced the rDNA internal transcribed spacers (ITS 1 and ITS2) and the flanking regions of the 18s and 26s genes. At the 3' end of the 18s rRNA gene, a 452-bp-long, nonmobile group I intron was found. So far we have found no introns of this kind in other members of the order Acrosiphoniales or in other Ulvophyceae sequenced in our laboratory (N > 50). To our knowledge this is the first SSU nrDNA group I intron that has been detected in a multicellular alga. The U. penicilliformis intron core region and flanking sequences were aligned with those of other published nuclear group I introns. An unrooted tree of introns was constructed using parsimony analysis. The "intron" tree is discussed in the context of phylogenetic hypotheses of the organisms in which they are found and in the context of horizontal transmission between genes, genomes, and lineages.
Material and Methods
Urospora penicillzjormis spores were collected at Ring George Island (Antarctica).
Unialgal cultures were grown as described elsewhere ( Wiencke and tom Dieck 1989)) to obtain -1 g biomass. DNA extraction, polymerase chain reaction (PCR) amplification, and sequencing were performed as described by Van Oppen et al. ( 1993) . Primer pairs NS7 and M02, as well as NS7 and ITS4, were used to amplify the region from position 1413 in the 18s to, respectively, position 83 in the 5.8s and position 52 in the 26s [ NS7-5 '-GAGGCAATAACAGGTCTGTGATGC-3 ', forward primer (White et al. 1990, pp. 3 15-322) ; M02-5'-GTTCAAAGATTCGATGATTCACGG-3', reverse primer, specific for U. penicilliformis; and lTS4-5'-TCCTCCGCTTATT-GATATGC-3 ', reverse primer (White et al. 1990, pp. 3 15-322) ]. The amplification primers and two additional U. penicillzjormis-specific internal primers, MO6 and M07, were used for sequencing, in order to obtain good overlaps between contiguous sequences ( M06-5 '-AGCTGGCCGCTCAAGAGGTC3 ', position 53 in ITS 1, reverse primer ; and M07-5 '-TGGCTAGGTTTCCTAGCTCTG-3 ', position -1679 in the 18s gene, forward primer).
The intron secondary structure was produced manually and, later, with the aid of the UWGCG (University of Wisconsin Genetics Computer Group software package, Group 1 Introns in Green Algae 13 19 version 6.1; Devereux et al. 1984 ) FOLD program, starting with the conserved regions in the LSU nrDNA group I intron of Tetruhymena thermophila (Cech 1988 ) as a reference model. The intron sequence was checked for the presence of ORFs by using the FRAME option in UWGCG.
Using an alignment of group I intron core regions (Johansen et al. 1992 ) as a basis, we added the U. penicilliformis SSU group I intron sequence and six other nuclear group I intron sequences (see table 1 ). The aligned sequences were analyzed using maximum parsimony under the heuristic search (stepwise, simple as well as closest, addition sequence) option in PAUP (Swofford 1990)) with all positions weighted equally. Compensatory base changes were not down-weighted, because not all of the taxa in the alignment showed compensatory base changes in similar positions. Gapped positions were excluded from the analysis, as were positions 30-38 ( fig. 2) , because the alignment at these positions is ambiguous. Bootstrap analysis ( 100 replications, heuristic search, random addition sequence) using a 50% majority rule was used to provide an estimate of tree stability. Search under constraints of forced monophyly and other groupings was done interactively between PAUP and MacClade ( Maddison and Maddison 1992 ) .
Results and Discussion
Urospora penicillijbrmis Intron and Its Secondary Structure PCR products from U. penicillijbrmis, extending from position 14 13 of the 18s gene to the 5' end of the 26s gene, were -450 bp longer than similar products from et al. 1981a , 1981b Nomiyama et al. 1981a , 19816 Nomiyama et al. 1981a , 1981b Liu et al. 1992 ' Green algae.
Acrosiphonia arcta, A. sonderi, A. coalita, and Spongomorpha aeruginosa (all members of the Acrosiphoniales).
Sequence alignment of these regions showed that this length variation was not due to size differences in the two ITS regions (as was initially expected) but that it was caused by a 452-bp-long insertion at position 1766 (reference position in Chlamydomonas reinhardtii; Gunderson et al. 1987 ) of the 18s gene. The primary sequence of the intron is shown in figure 1A . No ORF is present within the sequence. The intron is situated in helix 48 of the 18s rRNA gene (Neefs et al. 199 1 ), six nucleotides downstream from the insertion site of the PcSSU intron but at the same location as are the DpSSU-2 and CsSSU introns (table 1) .
The hypothesized secondary structure of the intron from U. penicillzjbrmis ( fig.   1B) shows that it exhibits the characteristic features of the group I class. First, the four conserved elements-P, Q, R, and S-are present (Cech 1988 ). An internal guide sequence (IGS) that pairs with the 5' exon to form helix Pl (Davies et al. 1982) and with the 3' exon to form helix PlO is present, although the first nucleotide in the 3' exon is an A instead of the usual U (Michel and Westhof 1990). Also present is the U preceding the 5' splice site and the G with which it pairs (Cech 1988). The 3' terminal of the intron ends with a G residue, which is universally conserved among group I introns. The guanosine binding site is situated at position 269 (denoted by a square in fig. 1 B) in stem P7, binding both the guanosine cofactor in the 5' cleavage reaction and the terminal G residue during ligation (Michel et al. 1989; Michel and Westhof 1990) . The two nucleotides preceding the 3'-terminal G can pair with the first two nucleotides in the 57-9 segment, bringing the terminal G residue into the close vicinity of the guanosine binding site (P9.0 pairing; underlined in fig. 1 B) (Burke et al. 1990 ). Finally, helices Pl -P9 can be reconstructed, with a pseudoknot between P3 and P7.
Phylogenetic Analyses of Group I Introns in General
In an effort to understand the three-dimensional architecture of group I introns, Michel and Westhof ( 1990) aligned 87 group I intron sequences and found 11 subclasses, on the basis of a principal components analysis. Their objectives were not phylogenetic but functional.
De Wachter et al. ( 1992) ) on the other hand, aligned 83 positions in > 100 group I introns and attempted a phylogenetic analysis. The result was generally poor resolution and instability of their trees (which were referred to but not shown ) .
The biggest obstacle facing a comprehensive phylogenetic analysis of all group I introns, regardless of the organism, gene, or genome in which they are found, is the problem of short alignments and, therefore, the inevitability of limited resolution. This situation is analogous to the problem associated with 5s rRNA phylogenies. A second potential problem is one of intron duplication so that group I introns as a whole may not be monophyletic.
These are two reasons why we decided to restrict ourselves to a subset of group I introns having greater similarity in which longer alignments could be achieved and compared over a somewhat smaller set of taxa.
Parsimony Analysis of Introns Occurring in Nuclear rDNA Genes
The alignment of the intron core region sequences ( fig. 2) consists of 133 alignable positions, of which -50% were potentially informative. Every effort was made to include as much of the flanking regions of the cores as possible. Parsimony analysis resulted in only one most parsimonious tree of 280 steps ( fig. 3 ) and in seven nextmost-parsimonious trees of 28 1 steps (not shown). Both simple-and closest-addition shed light on the original donor source of the intron or ultimately rule out the possibility of an intron duplication. Finally, we note that the close relationship between the PcSSU and PcLSU intron (asterisks in fig. 3 ) forms an exceptional case in the "intron" tree. The two introns have different insertion locations but exhibit a high sequence similarity. We have no explanation for this, other than the possibility of a transposition event. However, the sequence dissimilarities between the introns' flanking regions do not support this.
The Green Algae
Although the monophyly of the five currently recognized classes of green algae is being challenged as data sets become larger and more comprehensive, the broad evolutionary lineages of chlorophytes are well corroborated by independent ultrastructural and 18s rRNA molecular data sets (reviewed in Irvine and John 1984; Zechman et al. 1990; Chapman and Buchheim 199 1) . In particular, the position of U. penicillzjbrmis ( Acrosiphoniales) is secure within the Ulvophyceae and is evolutionarily distant from the Chlorophyceae, of which all of the other green algal species are members. The observation that some taxa occur twice in the "intron" tree (those containing more than one intron) and that species within a genus are not necessarily sister taxa (Ds and Dp) further confirms the lack of agreement between the evolutionary histories of the organisms and their introns. Forced monophyly of the algae within the intron tree does not cost so many additional steps within the overall tree; however, attempts to force monophyly within algal genera and to make U. penicilliformis an outgroup within the clade result in trees of 297-303 substitutions.
These results are important because Wilcox et al. ( 1992) have hypothesized that group I introns in green algae are inherited vertically, a hypothesis that is weakened by the addition of an ulvophycean species to the analysis.
It is not really known how common the group I introns are in green algae. Most of the published 18s sequences are based on reverse transcriptase sequencing, in which introns would be missed. With the advent of DNA sequencing, the number of reported introns will undoubtedly increase. Although, from an evolutionary perspective, losses are generally considered to occur more easily than gains, a review of the current literature on group I introns suggests that mechanisms of intron acquisition and intron loss are in equilibrium (Dujon 1989) -and that the absence of an ORF within an intron does not necessarily guarantee that it was never present (Lambowitz 1989) . In addition, it has been shown that introns lacking a functional ORF can be maintained in genes, so long as they remain phenotypically silent (i.e., are successfully excised from primary transcripts), but that in the end they tend to be lost (Dujon 1989). In conclusion, beyond the highly conserved core sequences, group I introns are flexible with regard to their primary structure and potentially mobility. Parsimony analyses among introns show a correlation with insertion position but not within species. The evolutionary pathways of group I introns should not be expected to mirror those of the organisms in which they are found, nor should they be expected to mirror those within the genomes and genes in which they are found. This holds for the green algae as well.
